Here is a summary of the comments for the Feb 13 draft of the paper. These comments are keyed to the
numbers
and marks (circles and boxes) found on the copv of the paper that follows.

Annotations from knop2saulcomments.pdf

Page 1

Annotation 1; Label: Saul; Date: 2/20/2003 3:30:01 PM

It would be good to see if we can use a title that would get people to read this (i.e., see this paper as
an important next step). How about: "An Independent HST Dataset of 11 High-Redshift SNe la:
Improved Omega_M -- Omega_Lambda Results" -- or something along those lines?

Annotation 2; Label: Saul; Date: 2/20/2003 3:32:17 PM
insert: "Omega_ M ="

Annotation 3; Label: Saul; Date: 2/20/2003 3:32:33 PM
How about using the Fit 3 results in the abstract instead: 0.24[+.07-.06]

Annotation 4; Label: Saul; Date: 2/20/2003 3:34:37 PM
Change to: "or a cosmological constant of Omega_Lambda = 0.76[+0.06-0.07]), consistent with
earlier results."

NB: --include the error bars here for Omega_Lambda too. -- don't say consistant at 1sigma
level, since there are not statistically independant numbers.

Annotation 5; Label: Saul; Date: 2/20/2003 3:38:06 PM

It may be good to add more refs here, including:

Perlmutter AAS presentation reprint (see P99 for citation) and Filippenko and Rless Dark Matter
conference proceedings, since these were the first (1998) reports of the results.

Annotation 6; Label: Saul; Date: 2/20/2003 3:42:11 PM
Change to: "...matter-dominated universe. For a flat universe, as motivated by inflation theory
[REF], they yielded...

Page 2

Annotation 1; Label: Saul; Date: 2/20/2003 3:50:18 PM

How about changing this wording to: In the redshift range around $z = 0.4$ -- 0.7 the supernovae
results are most sensitive to a linear combination of $\Omega_M$ and $\Omega_\Lambda$ close to
$\Omega_M$ - $\Omega_\Lambda$. Of the three aforementioned cosmological measurements, the
supernovae taken alone thus provide the best {\it direct} evidence for dark energy.....

Annotation 2; Label: Saul; Date: 2/20/2003 3:49:10 PM
Delete.

Page 3

Annotation 1; Label: Saul; Date: 2/20/2003 3:51:27 PM
Change to "source of systematic uncertainty"

Annotation 2; Label: Saul; Date: 2/20/2003 3:52:03 PM
Delete "similarly"

Annotation 3; Label: Saul; Date: 2/20/2003 3:53:05 PM
Join sentences: "...similar effect, however dust extinction...

Annotation 4; Label: Saul; Date: 2/20/2003 3:53:53 PM
-->"known" (missing final "n")


Comment
Here is a summary of the comments for the Feb 13 draft of the paper.   These comments are keyed to the numbers
and marks (circles and boxes) found on the copy of the paper that follows.

Comment
 


Annotation 5; Label: Saul; Date: 2/20/2003 4:00:03 PM

change to: "...on each supernov greatly increased uncertainties, particularly when no prior on
extinction is used (and introduces a potential bias if an extinction prior is used as in other analyses in
the literature; see P99's Fit E analysis discussion).

Annotation 6; Label: Saul; Date: 2/20/2003 4:02:48 PM

Presumably, this would be a place to discuss/compare the Riess et al 1998 results (perhaps with a
mention that they used a prior on extinction to reduce the uncertainties due to their color
measurements -- and that this makes that result sensitive to bias as we showed in P99).

Page 4

Annotation 1; Label: Saul; Date: 2/20/2003 4:04:18 PM
Can we use a different variable besides z_i for the pedistal offset? It sure makes one think that this is
a redshift.

Page 6
Annotation 1; Label: Saul; Date: 2/20/2003 4:07:23 PM
Change to: "...approximation is a good one. To verify it, we reran the PSF fitting procedure with.... (

Note that all of the supernovae were positioned close to the center of the chip.)

Annotation 2; Label: Saul; Date: 2/20/2003 4:12:10 PM
"..were not significantly different"
...Add: "at the $\pm$ 0.0XX mag level"

Annotation 3; Label: Saul; Date: 2/20/2003 4:12:48 PM
Can we say why 0.02 mag uncertainty was assumed for HST zeropoints?

Annotation 4; Label: Saul; Date: 2/20/2003 4:13:09 PM
[missing space here]

Annotation 5; Label: Saul; Date: 2/20/2003 4:15:39 PM
This is a little unclear. Maybe it could say "exactly the same observed photometry points were used."
I'm not sure that helps, though.

Page 7

Annotation 1; Label: Saul; Date: 2/20/2003 4:16:42 PM
Add Perlmutter 97 reference too here, as first explanation of stretch.

Annotation 2; Label: Saul; Date: 2/20/2003 4:17:09 PM
"an" --> "a"

Annotation 3; Label: Saul; Date: 2/20/2003 4:21:00 PM
"=-0.180" -->"z=0.18"?7?

Annotation 4; Label: Saul; Date: 2/20/2003 4:33:56 PM
How did these two fits end up looking (despite this R-band stretch problem)?

Annotation 5; Label: Saul; Date: 2/20/2003 4:34:27 PM
--> "..due to..."

Annotation 6; Label: Saul; Date: 2/20/2003 4:36:49 PM
Not clear ("...an assumption made implicitely"), though | think | know what this might mean.



Annotation 7; Label: Saul; Date: 2/20/2003 4:39:53 PM
Why? (We have discussed this now in the meeting, so | see why, but the reader may not -- and
there may be problems with the fits not converging, of course.)

Is there an easy way to check that the final results don't depend too sensitively on this?

Page 9

Annotation 1; Label: Saul; Date: 2/20/2003 4:43:24 PM

Also cite Kim, Goobar, & Perlmutter here for cross-filter K-correction technique (and perhaps add the
term "cross filter").

Also, in ApJ the first reference in the paper to a 3-author citation should list all three authors (not et
al.). | notice this for the Nugent et al (probably because I'm author #3), but it's worth checking to see
if there are other 3-author citations.

Annotation 2; Label: Saul; Date: 2/20/2003 5:47:57 PM
Can we see what this plot and ridge-line fit looks like? (This is for the collab. to understand, not for
the paper.)

Page 11

Annotation 1; Label: Saul; Date: 2/20/2003 5:50:00 PM

Can we see scatter plots and histograms to see how these values have changed since P99? Again,
this is for the collab. to understand, not for the paper -- so we know how we will say that we are
standing behind our analyses, both now and before.

Annotation 2; Label: Saul; Date: 2/20/2003 5:53:23 PM

Isn't it one of these SNe that we now think is a Type 11?

Also, for our most recommended-to-the-public final fits, shouldn't we not be continuing to carry around
SNe that have any doubts (also maybe not ones with really big error bars??)?

Page 12

Annotation 1; Label: Saul; Date: 2/20/2003 5:54:56 PM
Also, we should make sure the collaboration understands how these fit variables have changed from
our previous paper(s).

Page 13

Annotation 1; Label: Saul; Date: 2/20/2003 5:55:32 PM
Make this:
"...were applied to the data at this stage of the analysis."

Annotation 2; Label: Saul; Date: 2/20/2003 5:57:17 PM
How asymmetric? We should describe (quantify) this.

Annotation 3; Label: Saul; Date: 2/20/2003 5:58:08 PM
Quantify:

"...reddened more than XX sigma relative to the median value."

Annotation 4; Label: Saul; Date: 2/20/2003 6:06:38 PM

We should probably take this sentence out (or soften it) and instead compare what we have used to
the U-B values in Jha's thesis for the same range of stretch (see his Figure 3.10 that I've attached at
the end of these comments). They're pretty close, so I think this will be fine.

Question: how much work would it be for us to know how are main results would change if we
assumed U-B =-0.45 or -0.5 instead of the -0.4 value we used (since this might be the direction that
Jha's data would point. (Of course this is just the average value over the range of stretch values we



have -- someday (nhot now) we will presumably want to estimate the rough value and uncertainty at
the particular stretch value of our SNe.)

Page 14

Annotation 1; Label: Saul; Date: 2/20/2003 6:07:19 PM
Can we say here how many iterations was typically necessary to reach convergence?

Annotation 2; Label: Saul; Date: 2/20/2003 6:14:57 PM

See my comments on the Figure 1. We might need to comment here that the fit is actually better
(tighter confidence regions) with the new K corrections -- if that's true. (Or is it due to re-analyses of
SNe, like 97ap?)

[A crazy thought is that we might even want to advertise the improvement in the Abstract if it won't be
seen as a weakness.]

Annotation 3; Label: Saul; Date: 2/20/2003 6:08:41 PM
"Figure 3.1" --> "Figure 1"

Page 15

Annotation 1; Label: Saul; Date: 2/20/2003 6:11:21 PM
Why are the results now so much better, i.e tighther confidence regions than before? Do we know
which supernovae / which changes have made the main difference?

Annotation 2; Label: Saul; Date: 2/20/2003 6:12:33 PM
"solid regions" --> "filled confidence regions"

Annotation 3; Label: Saul; Date: 2/20/2003 6:15:39 PM
"they" --> "this Fit C analysis"

Annotation 4; Label: Saul; Date: 2/20/2003 6:17:33 PM

Also mention/discuss here the Fit E analysis of P99, which did individually correct for extinction. (This
is important because some people think --or have been told that-- that we did not take extinction
seriously enough to do this.)

Annotation 5; Label: Saul; Date: 2/20/2003 6:17:57 PM

Page 17

Annotation 1; Label: Saul; Date: 2/20/2003 6:21:12 PM
Insert a subheader "Low Redshift" above these two.

Annotation 2; Label: Saul; Date: 2/20/2003 6:21:34 PM
Insert a subheader "High Redshift" above these two.

Annotation 3; Label: Saul; Date: 2/20/2003 6:21:36 PM

Annotation 4; Label: Saul; Date: 2/20/2003 6:22:46 PM
guantify

Annotation 5; Label: Saul; Date: 2/20/2003 6:23:24 PM
"outlet" --> "outlier"

Annotation 6; Label: Saul; Date: 2/20/2003 6:24:05 PM
1.3 sigma -->1.1or 1.2 sigma?
(the number looks wrong)



Annotation 7; Label: Saul; Date: 2/20/2003 6:25:00 PM
typo: repeated word

Annotation 8; Label: Saul; Date: 2/20/2003 6:25:32 PM
missing LaTeX $?

Annotation 9; Label: Saul; Date: 2/20/2003 6:26:09 PM
doesn't read well with "conclusion” used twice within three words.

Annotation 10; Label: Saul; Date: 2/20/2003 6:27:34 PM
This seems high?

Annotation 11; Label: Saul; Date: 2/20/2003 6:28:49 PM
| see what this "greater effect of extinction on the U band" means, but I'm wondering if it could be
written a little more clearly.

Page 18

Annotation 1; Label: Saul; Date: 2/20/2003 6:32:08 PM

Perhaps this is the place to discuss the more extreme version of this problem seen in the other team's
papers. Several members of there team have been giving talks about the blue-supernova problem
(implying possible evolution problems for SNe Ia) and we have been asked about this as a problem
several times when we give talks.

Maybe this should be also included in the Abstract and conclusions for this reason.

Annotation 2; Label: Saul; Date: 2/20/2003 6:33:00 PM
Can we show inner error bars that don't include the 0.17 mag intrinsic dispersion, so that people can
see how good our data is?

Annotation 3; Label: Saul; Date: 2/20/2003 6:52:01 PM
"..ofaSNla" --> "...of a SN la uncorrected for extinction, but after rejecting red outliers" --or
something like that.

Annotation 4; Label: Saul; Date: 2/20/2003 6:52:50 PM
Phillips et al 1999 gives 0.11 mag. We probably should also cite whatever we cited in P99.

Annotation 5; Label: Saul; Date: 2/20/2003 6:53:47 PM
hard to read -- perhaps write "-1 to 3"?

Annotation 6; Label: Saul; Date: 2/20/2003 6:54:31 PM
use a dash between these Omega's not a slash.

Page 19

Annotation 1; Label: Saul; Date: 2/20/2003 6:56:36 PM
Here and in other figures the symbols font got lost -- so missing Greek letters Omega and Lambda

Page 20

Annotation 1; Label: Saul; Date: 2/20/2003 6:57:13 PM
There's got to be a better way of saying this (without calling attention to it).

Annotation 2; Label: Saul; Date: 2/20/2003 7:01:34 PM
These big error bars for the P99 data are probably not the right ones to be comparing with (or
showing). | wonder what the data points from Riess 98 look like -- especially if we don't use a prior



for their extinction, but just read off their tables what their color uncertainties are. Since these are the
other example of data which was taken with this purpose in mind it would be great if our data looked
better than theirs after extinction correction.

This would probably mean that we want to show inner error bars for these supernovae that do not
include the intrinsic color uncertainty (e.g. 0.08 at z> 0.7) so that we can also see the uncertainty due
to the measurements alone.

Page 21

Annotation 1; Label: Saul; Date: 2/20/2003 7:01:53 PM
--> "correct"

Annotation 2; Label: Saul; Date: 2/20/2003 7:03:10 PM
"...SN, just..." --> "..SN and just..."

Annotation 3; Label: Saul; Date: 2/20/2003 7:04:30 PM
Make this:
"(If the six additional supernovae from R99 were removed it would have only a small effect on...."

Annotation 4; Label: Saul; Date: 2/20/2003 7:05:24 PM
Add the AAS meeting citation and the Filippenko and Riess Dark Matter 1998 citation here.

Annotation 5; Label: Saul; Date: 2/20/2003 7:06:37 PM
--so these are the values that should be used in the Abstract, | think.

Annotation 6; Label: Saul; Date: 2/20/2003 7:07:37 PM
--> "1$\sigma$" ..i.e., without the dash.

Annotation 7; Label: Saul; Date: 2/20/2003 7:08:40 PM
This is one place where some sentences comparing with Riess et al 98 would probably make sense.

Annotation 8; Label: Saul; Date: 2/20/2003 7:10:03 PM
This is another place where some comparison with Riess et al 98 should be put.

Annotation 9; Label: Saul; Date: 2/20/2003 7:14:09 PM

All the way from this paragraph to the end of Section 3 should either be deleted or shortened
(because it's very repetitious with things we have already said). If we can find what are the few
important points here that have to be said they might still want to be moved to the Discussion or
Conclusion section.

Page 22

Annotation 1; Label: Saul; Date: 2/20/2003 7:16:15 PM
These are better error bars than last time. Hmm..

Annotation 2; Label: Saul; Date: 2/20/2003 7:17:21 PM
It's a little surprising that this is much closer to the P99-alone results than to the new high-z results
(which have smaller error bars).

Annotation 3; Label: Saul; Date: 2/20/2003 7:19:05 PM
We should marginalize (or fit with one fewer parameter) -- not take intersection.

Page 24

Annotation 1; Label: Saul; Date: 2/20/2003 7:20:14 PM
How does this compare with P99 Fit E?



Make it clear that these contours would be much tighter -- but biased -- if the Riess et al 98 procedure
with extinction prior had been used.

Page 25

Annotation 1; Label: Saul; Date: 2/20/2003 7:22:16 PM
This is still the section that should be deleted are a much shorter, re-written version put in Discussion
/ Conclusions.

Annotation 2; Label: Saul; Date: 2/20/2003 7:23:07 PM
"Criticisms" is a little to negative here.

Annotation 3; Label: Saul; Date: 2/20/2003 7:24:12 PM
update this with WMAX.

Annotation 4; Label: Saul; Date: 2/20/2003 7:47:58 PM
This also sounds a little repetitious, and could be tightend up

Annotation 5; Label: Saul; Date: 2/20/2003 7:30:02 PM
make this "2 sigma" (no hyphen)

Page 26

Annotation 1; Label: Saul; Date: 2/20/2003 8:15:42 PM
How about labeling this:

Low-redshift: H96 + R99 + High-redshift: P99 + this paper
...0r maybe just have this info in the caption?

Annotation 2; Label: Saul; Date: 2/20/2003 8:17:12 PM
"Solid" --> "Filled contours"

Also:
"Dashed" --> "Dashed contours"

Page 27

Annotation 1; Label: Saul; Date: 2/20/2003 8:19:29 PM

I'm wondering if this is over-interpretation. We probably shouldn't be drawing conclusions from 1
sigma differences. | don't think we yet have a preference for Omega_m = 0.2 over Omega_m = 0.26
(or maybe not even 0.3).

Annotation 2; Label: Saul; Date: 2/20/2003 8:20:00 PM
We should also cite Garnavich here.

Annotation 3; Label: Saul; Date: 2/20/2003 8:20:45 PM
--> ", ._that w is constant, and that the universe is flat, ..."

Annotation 4; Label: Saul; Date: 2/20/2003 8:22:21 PM
Check that this is the best value to use these days. (Many people don't go with Neta Bahcall's
number for Omega_m, so we might want to see what Turner or Spergel are currently saying too.)

Annotation 5; Label: Saul; Date: 2/20/2003 8:22:51 PM



"...have on w" --> "have on a constant w"

Annotation 6; Label: Saul; Date: 2/20/2003 8:23:29 PM
"extinction" --> "extinction correction"

Annotation 7; Label: Saul; Date: 2/20/2003 8:24:30 PM
"extinctions applied" --> "extinction corrections applied"

Page 29
Annotation 1; Label: Saul; Date: 2/20/2003 8:25:52 PM
"...assumption of a flat universe..." --> "...assumption of a constant w (not varying in time) and a

flat universe..."



This is a page from Jha's thesis:
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Figure 3.10.— Relation between SN Ia maximum light UBV colors and the V-band
timescale stretch factor. The colors have been corrected for Galactic and host-galaxy
reddening.
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Comment
This is a page from Jha's thesis:


@i ) from 11 SNe Ia Observed with W@
HST

R. A. Knop and the Supernova Cosmology Project

Version 2003-Feb-13

ABSTRACT

Type Ia Supernovae have provided the best direct evidence for dark energy.
When combined with measurements of massive clusters and the Cosmic Mi-
crowave Background, those measurements provide a consistent picture of the
universe as geometrically flat with a low mass density (2 < 0.3); the greatest
fraction (~ 70%) of the universe’s energy density is in a cosmological constant
or dark energy. This paper presents results on 11 supernovae with high-quality
lightcurves measured with WFPC-2 on HST. The results from these new high-
redshift supernovae yield cosmological results consistent with the previous SN Ia
results. High precision measurements of the colors of the supernovae indicate
that all but one of the new objects are not significantly affected by host galaxy
dust extinction, but the precision of the measurements allow direct and individ-
ual E(B-V) corrections to be made separately for each object. Combining these
data with the previous work of e Stpernova Cosmeless—Preojeet=yield g mea-
surement for a flat universe of J{ 1975 ;Athus requiring a cosmological constant
of Q5 = 0.81), slightly lower than &3 sults but consistent to the 1 — o leye
Under the assumption of a flat universe and combined with tZy; measurements
from observations of the density of massive clusters., the combined data set pro-
vides a 68% upper confidence limit on w, the equation of state of the dark energy,
of —0.8, consistent with the value w = —1 of a true cosmological constant.

1. Introduction of the universe’s expansion( Eerlmutter et D
al. 1999; Riess 1998). These results rule
In 1998, two teams reported observa- out to extremely high confidence a flat,

tions of Type Ia Supernovae (SNe Ia), foTmmated universe, Tt

which  gave st.rong evidence for a non- he prediction of a flat universe from infla-
zero cosmological constant, or dark en- tion :

ergy density, and hence for the acceleration cosmologic.al constant of Q, ~ 0.7. Even

@


Saul
It would be good to see if we can use a title that would get people to read this (i.e., see this paper as an important next step).   How about:    "An Independent HST Dataset of 11 High-Redshift SNe Ia: Improved Omega_M -- Omega_Lambda Results"  -- or something along those lines?

Saul
insert:   "Omega_M ="

Saul
How about using the Fit 3 results in the abstract instead:  0.24[+.07-.06]

Saul
Change to:   "or a cosmological constant  of Omega_Lambda = 0.76[+0.06-0.07]), consistent with earlier results."

NB:   -- include the error bars here for Omega_Lambda  too.
       --  don't say consistant at 1sigma level, since there are not statistically independant numbers.

Saul
It may be good to add more refs here, including:
Perlmutter AAS presentation reprint (see P99 for citation) and Filippenko and RIess Dark Matter conference proceedings, since these were the first (1998) reports of the results.

Saul
Change to:   "...matter-dominated universe.  For a flat universe, as motivated by inflation theory [REF], they yielded...


in the absence of assumptions about the
geometry of the universe, the supernova
results indicated greater than 99% confi-
dence in the existence of a cosmological
constant for plausible values of the mass
density ().

The supernova results combined with
observations of the power spectrum of
the Cosmic Microwave Background (CMB)
(Jaffe et al. 2001, e.g.) and the density of
massive clusters (Bahcall et al. 2003, e.g.)
yield a consistent picture of a flat universe
with Qy ~ 0.3 and Q4 ~ 0.7 (Bahcall et
al. 1999). Each of these measurements are
sensitive to different linear combinations
of the parameters, and hence they comple-
ment each other. Moreover, because there
are three different measurements of two pa-
rameters, the combination builds in an im-
portant consistency check. While the cur-
rent observations of massive clusters and
high-redshift supernovae primarily probe
the “recent” universe at redshifts of z < 1,
the CMB measurements probe the early
[vimiverse at z ~ 1100. That consistent
results are obtained by measurements of
vastly different epochs of the universe’s
history is a vindication of the standard
model of the expanding universe, and lend
confidence that the ological parame-

close to 3 — Q4. As such, for a flat uni-
verse, of the three aforementioned cosmo-

portance both to improve the precision of
the result, but also to confirm the result
with additional independent high-redshift

supernovae, and also to limit the possible
effects of systematic errors.

This paper presents 11 new supernovae
discovered and observed by the Super-
nova Cosmology Project (SCP) at redshifts
0.35 < z < 0.86, a range very similar to
that of the 42 high-z supernovae reported

in Perlmutter et al. (1999,

hereafter P99). However, whereas the su-
pernovae of that paper, with one excep-
tion, were observed entirely with ground-
based telescopes, the 11 supernovae of this
work have complete lightcurves in both the
R and I bands measured with the Wide-
Field/Planetary Camera (WFPC-2) on the
Hubble Space Telescope (HST). The HST
provides two primary advantages for pho-
tometry of point sources such as super-
novae. First, from orbit, the sky back-
ground is much lower, allowing a much
higher signal to noise ratio in a single ex-
posure. Second, because the telescope is
not limited by atmospheric seeing, it has
very high spatial resolution. This helps
the signal to noise ratio by greatly reduc-
ing the area of background emission which
contributes to the noise of the source mea-
surement, and moreover simplifies the task
of separating the variable supernova sig-
nal from the host galaxy. With these ad-
vantages, the precision of the lightcurve
measurements is so much greater for the
11 supernovae in this paper than was the
case with the 42 SNe of P99 that even
though there are only 1/4 as many objects,
just these 11 high-redshift supernovae pro-
vide limits on the cosmological parameters
comparable to the limits from the previ-
ous work. These 11 supernovae are the
first new complete set of supernovae which
confirm the accelerating universe results


Saul
How about changing this wording to:  In the redshift range around $z = 0.4$ -- 0.7 the supernovae results are most sensitive to a linear combination of $\Omega_M$ and $\Omega_\Lambda$ close to  $\Omega_M$ - $\Omega_\Lambda$.   Of the three aforementioned cosmological measurements, the supernovae taken alone thus provide the best  {\it direct} evidence for dark energy.....

Saul
Delete.


since the original announcements in 1998.

One obvious possible
is the effect of host galaxy aust—tor a

given mass density, the effect of a cos-
mological constant on the magnitudes of
high-redshift supernovae is to make their
observed brightness dimmer than would

have been the case with Q) = 0.

larly, dust extinction from within the host

galaxy of the supernovae could have a sim-
ilar effver, dust extinction will
also tenthte—wedden the colors of the su-

pernovae. Therefore, a measurement of
the color of the high.redshift supernovae,
compared to the klors of SNe Ia,
can provide a upper it on the effect
of host galaxy dust extinction, or a direct
measurement of that extinction which may
then be corrected. P99 had R-I color mea-
surements (corresponding to B-V measure-
ments in the rest frame) for most of their
42 SNe; however, the uncertainties on indi-
vidual color measurements were such that
making host galaxy extinction corrections
on each supernova ow—
ever, that paper presenfed evidence that
the high-redshift sample as a whole was not
effected by significant dust extinction com-
pared to the low-redshift comparison sam-
ple of supernovae, and therefore its results
may be viewed with confidence. The much
higher precision of the HST lightcurves of
this paper allow us to make high quality in-
dividual host galaxy extinction corrections
to each supernovae event.

—

In ThiSTpaper, we 1rst describe the Pok-
fit photometry method used for extracting
the lightcurves from the WFPC-2 images.
Next, we describe the lightcurve fitting
procedure, including the methods used
for calculating accurate K-corrections. So

that all supernovae may be treated con-
sistently, we apply the slightly updated
K-correction procedure to all of the super-
novae used in P99, and show that the new
K-corrections do not change the results of
that work. We discuss the evidence for
host galaxy extinction (only significant for
one of the 11 new supernovae) from the
R-I lightcurve colors. We present the lim-
its on the cosmological parameters {2y and
Q4 from the new dataset alone as well as
combining this data set with the data of
P99; this latter fit provides the best cur-
rent limit on cosmological parameters from
high-redshift SNe Ia. Finally, we present
the limits on w, the equation of state of the
dark energy, from these data, and from
these data combined with recent results
from observations of the density of mas-
sive clusters.

2. Observations, Data Reduction,
and Lightcurve Fits

2.1. WFPC2 Photometry

The supernovae discussed in this pa-
per are listed in Table 1. They were dis-
covered during three different supernova
searches similar to those described in Perl-
mutter et al. (1999). Two of the searches
were conducted at the 4m Blanco tele-
scope at the Cerro Tololo Inter-American
Observatory (CTIO), in December 1997
and March/April 1998. The final search
was conducted at the Canada-France-
Hawaii Telescope (CFHT) on Mauna Kea
in Hawaii in April/May 2000. Each super-
nova was discovered in a two-epoch search.
Images were acquired at two epochs sepa-
rated by 3-4 weeks. Images from the first
epoch were subtracted from images from


Saul
Change to "source of systematic uncertainty"

Saul
Delete  "similarly"

Saul
Join sentences:  "...similar effect, however dust extinction...

Saul
--> "known"  (missing final "n")

Saul
change to:  "...on each supernov greatly increased uncertainties, particularly when no prior on extinction is used (and introduces a potential bias if an extinction prior is used as in other analyses in the literature;  see P99's Fit E analysis discussion).

Saul
Presumably,  this would be a place to discuss/compare the Riess et al 1998 results (perhaps with a mention that they used a prior on extinction to reduce the uncertainties due to their color measurements -- and that this makes that result sensitive to bias as we showed in P99).


the second epoch; residual signals repre-
sented supernova candidates. Spectra ob-
tained at the 10m Keck and 8m VLT ob-
servatories (and ESO 3.6m? check this)
confirmed the identification of the candi-
dates as SNe Ia, and measured the redshift
of each candidate. Where possible, the
redshift z of each candidate was measured
by matching narrow features in the host
galaxy of the supernovae; the precision of
these measurements in z is typically 0.001.
In cases where there were not sufficient
host galaxy features, redshifts were mea-
sured from the supernova itself; in these
cases, z is only precise to typically 0.01.
However, even in the latter case redshift
measurements are precise enough so as to
be dwarfed by photometric errors.

Each of these supernovae was followed
with two broadband filters with the Wide
Field/Planetary Camera 2 (WFPC2) on
the Hubble Space Telescope (HST). Ta-
ble 1 lists the dates of these observa-
tions. The two filters were chosen to
be those closest to the ground-based R-
band (F675W) and I-band (F814W) fil-
ters. These filters correspond to redshifted
B- and V-band filters for supernovae at
z < 0.7, and redshifted U- and B- band
filters for supernovae at z > 0.7. Each
listed observation comprises at least two
images taken within the same orbit, split
for purposes of cosmic ray rejection. In
some cases (the longer exposures), a single
observation is the sum of more than two
images.

The HST images were reduced through
the standard HST data reduction pipeline
ACONLEY— HELP ME OUT HERE,
ANYTHING MORE TO SAY?). Photo-
metric fluxes were extracted from the final

images using a PSF-fitting procedure. Tra-
ditional PSF fitting procedures assume a
single isolated point source above a con-
stant background. In this case, the point
source was superimposed on top of the
image of the host galaxy. In all cases,
the supernova image was separated from
the core of the host galaxy; however, in
most cases the separation was not enough
that an annular measurement of the back-
ground would be accurate. Because the
host galaxy flux should be constant in all
of the images, we used a PSF fitting proce-
dure which fit a PSF simultaneously to ev-
ery image of a given supernovae observed
through a given photometric filter. The
model we fit was:

fi(z,y) /£ foi * pst(z
bg(x

— ZL0iy Y — Yoi

,y) of the ith image, fo; is the total
flux in the supernova in the 7th image,
psf(u,v) is a normalized point spread func-
tion, bg(u,v) is a constant background
parametrized by a;, and z; is a pedestal off-
set, for the ith image. There are 4n+m —1
parameters in this model, where n is the
number of images (typically 2, 5, or 6
ummed images) and m is the number
parameters a; that specifies the back-
ound model (typically 3 or 6). The —

didate in a single filter.

A single Tiny Tim PSF, corrected by an
empirical electron diffusion term Fruchter


Saul
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Table 1:

WEFPC2 Supernova Observations

SN z F675W F814W
Name Observations Observations
1997ek 0.863  1998-01-05 (800s 1998-01-05 (1200s
1998-01-11 (800s 1998-01-11 (1200s
1998-02-02 (2300s
1998-02-14 (2300s
1998-02-27 (2300s
1998-11-09 (2400s
1998-11-16 (2400s
1997eq 0.538  1998-01-06 (600s 1998-01-06 (600s)
1998-01-21 (800s 1998-01-11 (1200s
1998-02-02 (1200s
1998-02-11 (800s 1998-02-11 (1200s
1998-02-19 (800s 1998-02-19 (1200s
1997ez 0.778  1998-01-05 (800s 1998-01-05 (1200s
1998-01-11 (800s 1998-01-11 (1200s
1998-02-02 (2300s
1998-02-14 (2300s
1998-02-27 (4600s
9878 0.644  1998-04-08 (600s 1998-04-08 (600s
1998-04-19 (600s 1998-04-19 (600s
1998-04-30 (800s 1998-04-30 (1200s
1998-05-15 (800s 1998-05-15 (1200s
1998-05-28 (800s 1998-05-28 (1200s
1998as 0.355  1998-04-08 (800s 1998-04-08 (1200s
1998-04-20 (800s 1998-04-20 (1200s
1998-05-11 (800s 1998-05-11 (1200s
1998-05-15 (800s 1998-05-15 (1200s
1998-05-29 (800s 1998-05-29 (1200s
1998aw  0.440  1998-04-08 (600s 1998-04-08 (600s
1998-04-18 (600s 1998-04-18 (600s
1998-04-29 (800s 1998-04-29 (1200s
1998-05-14 (800s 1998-05-14 (1200s
1998-05-28 (800s 1998-05-28 (1200s
1998ax  0.497  1998-04-08 (600s 1998-04-08 (600s
1998-04-18 (600s 1998-04-18 (600s
1998-04-29 (800s 1998-04-29 (1200s
1998-05-14 (800s 1998-05-14 (1200s
1998-05-27 (800s 1998-05-27 (1200s
1998ay  0.638  1998-04-08 (800s 1998-04-08 (1200s
1998-04-20 (800s 1998-04-20 (1200s
1998-05-11 (2300s
1998-05-15 (2300s
1998-06-03 (2300s
1998ba  0.430 1998-04-08 (600s 1998-04-08 (600s
1998-04-19 (600s 1998-04-19 (600s
1998-04-29 (800s 1998-04-29 (1200s
1998-05-13 (800s 1998-05-13 (1200s
1998-05-28 (800s 1998-05-28 (1200s
1998bi 0.740  1998-04-06 (800s 1998-04-06 (1200s
1998-04-18 (800s 1998-04-18 (1200s
1998-04-28 (2300s
1998-05-12 (2300s
1998-06-02 (2300s
2000fr 0.543 2000-05-08 (2200s
2000-05-15 (1200s 2000-05-15 (1200s
2000-05-28 (1200s 2000-05-28 (1200s
2000-06-10 (1000s 2000-06-10 (800s)
2000-06-22 (2400s 2000-06-22 2300sg
2000-07-08 (2400s 2000-07-08 (2300s




(2000), was used for all images of a given
band. Although this is an approximation—
the PSF of WFPC2 depends on the epoch
of the ation as well as t
e chip— this approximation should b
a good one. All of the supernovae were po-
sitioned close to the center of the chip. To
verify that this approximation was valid,
we reran the PSF fitting procedure with
individually generated PSF's for most su-
ae; the measured fluxes were not g

nificantly

Fluxes extracted in this manner were
corrected for the charge transfer efficiency
(CTE) of WEFPC-2 following the procedure
of Dolphin (2000) (updated by the coef-
ficients posted later on the author’s web
[vPage— how do I cite this?). Because the
galaxy background is a smooth background
underneath the point source, it was consid-
ered as a contribution to the background in
the CTE correction. For an image which
was a combination of several separate ex-
posures within the same orbit or orbits, the
CTE calculation was performed assuming
that each image had a measured flux whose
fraction of the total flux was equal to the
fraction of that individual image’s expo-
sure time to the summed image’s total ex-
posure time.

Ground-based photometric fluxes were
extracted from images using the same
aperture photometry procedure of P99. A
complete lightcurve in a given filter (R or I)
combined the HST data with the ground-
based data, using measured zeropoints for
the ground based data and the Vega ze-
ropoints of Dolphin 0
data. An uncertain€
for all HST =zeropoints; rtainty
was added as a correlated error between

all HST data points when combining with
the ground-based lightcurve. Similarly, the
measured uncertainty in the ground-based
zeropoint was added as a correlated error
to all ground-based fluxes.

.2. Lightcurve Fits

In order to perform lightcurve first, data
rom WFPC2 was combined with addi-
tional data obtained at ground-based ob-
servatories. Photometry from the follow-
ing telescopes contributed to the 11 SNe
in Table 1: the CTIO 4m and the CFHT
3.6m (telescopes used in the search), the
INT 2.6m telescope, then WIYN 3.5M tele-
scope, and the Keck 10m telescope.

In addition to the lescribed here,
lightcurve fits were alSo performed to the
supernovae from P99 (including 18 super-
novae from Hamuy et al. (1996, hereafter
H96)), and nine from Riess (1999, here-
after R99) which match the same selec-
tion criteria used for the H96 supernovae
(must have data within 6 days of maximum
light; must be in the Hubble Flow, i.e. at
z > xxx). Because of new templates and
K-corrections (see below), the lightcurve
fits from P99 were redone for this paper,

Lightcurve fits were performed using a
chi-square minimization procedure based
on MINUT (REF?). Fits were performed
to template lightcurves, and were per-
formed simultaneously to the R and I band
data for high-redshift supernovae. (The
exception is the seven high-redshift su-
pernovae from P99 for which no I-band
lightcurve is available.) For low-redshift
supernovae, so as to match as closely as
possible the data fit for high redshift su-

@hexactly the same photom@
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pernovae, fits were performed using only
the B and V band data (which correspond
to de-redshift R and I bands for most of the
high-redshift supernovae). The lightcurve
model fit to the supernova had four param-
eters to modify the lightcurve templates:
time of rest-B maximum of the lightcurve,
j and stretch s.

lightcurve template, so that a supernova
with a high stretch has a relatively slow
decay from maximum, and a supernova
with a low stretch has a relatively fast de-
cay from maximum. For supernovae in the
redshift range z = 0.3-0.7, a B template
was fit to the R-band lightcurve and a V
template was fit to the I-band lightcurve.
For the three supernovae at z > 0.7, a U
template was fit to the R-band lightcurve
and a B template to the I-band lightcurve.

The B template used in the lightcurve
fits was that of Goldhaber et al. (2001).
For this paper, new V-band and R-band
templates were generated following a pro-
cedure similar to that of Goldhaber et al.

spline section to describe the main part
of the lightcurve, then joined to an expo-
nential decay to describe the final tail at
>~ 70 days past maximum light. The first
90 days of each of the three templates is
shown in Table 2. Note that sec—
ondary “hump” or “shoulder” xddafs af-
ter maximum, the R-band lightcurve does
not appear to vary strictly according to
the single simple stretch parameter which

is so successful in describing the different
B- and V-band lightcurves. Nonetheless

adequately described by stretch. The ef-
fects of this on any results of this paper
will be small, as the R-band template was
>ly used for two of the supernovae, both
from B8 19971 at z = 0.172 and 19

For most of the supernovae, the zero
offset of the lightcurve was fixed at zero,
and not varied as a parameter. For the
high-redshift supernovae, this is consistent
with the assumption that the galaxy has
been properly subtracted from each pho-

(2001), by fitting a smooth parametrized tOIciric data polnt, an assumpt1ou7-nzj>
curve through the low-z supernova data o(jmolicitly when combining data integr

H96 and R99. A new U-band template
was generated with data from Hamuy et
al. (1991), Lira et al. (1998), Richmond
et al. (1995), Suntzeff et al. (1999), and
Wells et al. (1994). Each of these new tem-
plates was fit to the low-redshift supernova
data simultaneously with a stretch fit of
the B-template to the B-band data of the
same supernova, thereby guaranteeing that
the fit templates corregpond to a s = 1

(Aldering et al. 2400), joinedto a smooth

in different apertures (due to varying see-
ing conditions, or, in the extreme case, due
to the very small PSF of WFPC2). For
seven low-redshift supernovae, the zero off-
sets of the B and V-band l1ghtcurves were
allowed to 8 z the addi-

1993B, 1995ak 1996ab and 1996bo. Ad-
ditionally, for six high-redshift supernovae
(1997J, 19970, 1997Q, 1997R, 1997K, and
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Table 2: U, V, and R Lightcurve Templates Used

Day? U flux? V flux? R flux? Day! U flux? V flux? R flux?
-19 6.712e-03 4.960e-03 5.779-03 31  4.790e-02  2.627e-01  3.437e-01
-18 2.685e-02 1.984e-02 2.312e-02 32 4.524e-02 2.481e-01  3.238e-01
-17 6.041e-02 4.464e-02 5.201e-02 33  4.300e-02  2.345e-01  3.054e-01
-16 1.074e-01 7.935e-02 9.246e-02 34  4.112e-02  2.218e-01  2.887e-01
-15 1.678e-01 1.240e-01 1.445e-01 35 3.956e-02  2.099e-01  2.733e-01
-14 2.416e-01 1.785e-01 2.080e-01 36  3.827e-02  1.990e-01  2.592e-01
-13 3.289%-01 2.430e-01 2.832e-01 37  3.722e-02 1.891e-01  2.463e-01
-12 4.296e-01 3.174e-01 3.698e-01 38 3.636e-02 1.802e-01  2.345e-01
-11 5.437e-01 4.017e-01 4.681e-01 39  3.565e-02 1.721e-01  2.237e-01
-10 6.712e-01 4.960e-01 5.779e-01 40  3.506e-02  1.649e-01  2.137e-01

-9 7.486e-01 5.889%¢-01 6.500e-01 41  3.456e-02  1.583e-01  2.046e-01
-8 8.151e-01 6.726e-01 7.148e-01 42 3.410e-02  1.524e-01  1.962e-01
-7 8.711e-01 7.469e-01 7.725e-01 43  3.365e-02 1.471e-01  1.884e-01
-6 9.168e-01 8.115e-01 8.236e-01 44  3.318e-02  1.423e-01  1.813e-01
-5 9.524e-01 8.660e-01 8.681e-01 45  3.266e-02  1.378e-01  1.747e-01
-4 9.781e-01 9.103e-01 9.062e-01 46  3.205e-02  1.337e-01  1.687e-01
-3 9.940e-01 9.449e-01 9.382e-01 47  3.139e-02  1.299e-01  1.630e-01
-2 1.000e4-00 9.706e-01 9.639%-01 48  3.072e-02 1.263e-01  1.578e-01
-1 9.960e-01 9.880e-01 9.834e-01 49  3.005e-02  1.229e-01  1.529e-01

0 9.817e-01 9.976e-01 9.957e-01 50  2.945e-02  1.195e-01  1.483e-01

1 9.569%e-01  1.000e4+-00  1.000e+00 51  2.893e-02 1.161le-01  1.440e-01

2 9.213e-01 9.958e-01 9.952e-01 52 2.853e-02 1.128e-01  1.398e-01

3 8.742e-01 9.856e-01 9.803e-01 53  2.830e-02 1.096e-01  1.359e-01

4 8.172e-01 9.702e-01 9.545e-01 54  2.827e-02 1.064e-01  1.320e-01

5 7.575e-01 9.502e-01 9.196e-01 55  2.849e-02 1.033e-01  1.282e-01

6 6.974e-01 9.263e-01 8.778e-01 56  2.793e-02 1.003e-01  1.244e-01

7 6.375e-01 8.991e-01 8.313e-01 57  2.738e-02  9.743e-02  1.207e-01

8 5.783e-01 8.691e-01 7.821e-01 58  2.684e-02  9.467e-02  1.170e-01

9 5.205e-01 8.369e-01 7.324e-01 59  2.630e-02 9.207e-02  1.133e-01
10 4.646e-01 8.031e-01 6.842e-01 60 2.578e-02  8.964e-02  1.097e-01
11 4.113e-01 7.683e-01 6.396e-01 61  2.527e-02 8.74le-02 1.061le-01
12 3.610e-01 7.330e-01 6.007e-01 62  2.477e-02  8.538e-02  1.026e-01
13 3.145e-01 6.977e-01 5.691e-01 63  2.428e-02  8.359e-02  9.910e-02
14 2.725e-01 6.629e-01 5.444e-01 64 2.380e-02 8.207e-02  9.568e-02
15 2.356e-01 6.293e-01 5.254e-01 65 2.333e-02  8.083e-02  9.232e-02
16 2.044e-01 5.972e-01 5.113e-01 66  2.287e-02 7.927e-02  8.902e-02
17 1.783e-01 5.667e-01 5.011e-01 67  2.242e-02 7.774e-02  8.579e-02
18 1.567e-01 5.376e-01 4.938e-01 68  2.197e-02 7.624e-02  8.264e-02
19 1.388e-01 5.099e-01 4.887e-01 69  2.154e-02 7.476e-02  7.958e-02
20 1.239e-01 4.835e-01 4.848e-01 70  2.111e-02  7.332e-02  7.660e-02
21 1.115e-01 4.583e-01 4.814e-01 71 2.070e-02 7.191e-02  7.373e-02
22 1.008e-01 4.342e-01 4.776e-01 72 2.029e-02 7.052e-02  7.096e-02
23 9.144e-02 4.113e-01 4.725e-01 73  1.989e-02 6.916e-02  6.832e-02
24 8.314e-02 3.894e-01 4.653e-01 74  1.949e-02 6.782e-02  6.581e-02
25 7.583e-02 3.685e-01 4.552e-01 75 1.911e-02 6.651le-02  6.344e-02
26 6.941e-02 3.486e-01 4.414e-01 76  1.873e-02 6.523e-02  6.199e-02
27 6.380e-02 3.296e-01 4.247e-01 77 1.836e-02 6.397e-02  6.057e-02
28 5.891e-02 3.115e-01 4.058e-01 78  1.799e-02  6.274e-02  5.918e-02
29 5.467e-02 2.943e-01 3.855e-01 79 1.764e-02 6.153e-02  5.783e-02
30 5.102e-02 2.781e-01 3.645e-01 80 1.729e-02  6.034e-02  5.650e-02

1: Day is relative to the epoch of the maximum of the B-band lightcurve.
2: Relative fluxes.



1997am) the I-band zero-offset was allowed
to vary as a parameter, due to the lack of a
supernova-free host galaxy image for those
supernovae given the lightcurve data used

in P99.

The final results of the lightcurve fits,
including the effect of color corrections and
K-corrections (and the host galaxy E(B-V)
dust extinctions measured as part of that
process) are listed in Table 3 for the 11
supernovae of this paper. Table 4 shows
the results of lightcurve fits for the 42 high-
redshift supernovae of P99, and Table 5
shows the results of lightcurve fits for the
low-redshift supernovae from H96 and R99.

2.3. Color- and K-Corrections

In order to combine data from differ-
ent telescopes, it is necessary to perform
color corrections to remove the differences
in the spectral responses of the filters. For
the ground based telescopes, the filters are
close enough to the standard Bessel filter
(Bessell 1990) that a single linear color
term (measured at each observatory with
standard stars) suffices to put the data
onto the Bessel system. The WFPC2 fil-
ters are enough different from the ground-
based filters, however, that a linear term is
not sufficient, and moreover the differences
between a SN Ia and standard star spectral
energy distribution (SED) are significant.
In this case, color corrections were calcu-
lated by integrating template SN Ia spec-
tra, described below.

In order to perform lightcurve template

fitting, a K-correctiondugent et al. 2002>

must be applied to transform the data in
the observed filter into a rest-frame mag-
nitude in the filter used for the lightcurve
template. The color correction to the near-

est standard Bessel filter followed by a K-
correction to a rest-frame filter is equiv-
alent to a direct K-correction from the
observed filter to the standard rest-frame
filter. In practice, we perform the two
steps separately so that all photometry
may be combined to provide a lightcurve
effectively observed through a standard
(e.g.) R-band filter, which may then be
K-corrected and fit with a single series of
K-corrections.

Color and K-corrections were performed
following the procedure of Nugent et al.
(2002). In order to perform these cor-
rections, a template SN Ia spectrum de-
scribed in that paper is necessary. The
template used in this paper began with
the template of that paper, but then had a
smooth multiplicative function applied to
the template at each day so that integra-
tion of the spectrum through the standard
filters would produce the proper intrinsic
colors for a Type Ia supernova, including
a mild dependence of those intrinsic colors
on stretch.

The intrinsic colors of the supernova
were determined in the BVRI spectra
range by smooth fits to the low-redshift
supernovae of H96 and R99. For each
color B-V, V-R, and R-I, every data
point from ected
and tected for Milky Way extinctioi
ese data were plotted together, and
then a “ridge-line” fit of a smooth curve
(parametrized by a spline under tension)
was fit to the plot of color versus date rel-
ative to maximum. Two curves were fit,
an “intercept” curve b(t) and a “slope”
e m(t), so that at any given date the

col =b(t') +m(t') x 1/s (2)
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Table 3: Supernova Lightcurve Fits: HST Supernovae from this paper

SN z  mx! mp? Stretch RT3 EB-V)irw E(B-V);.. Notes
sn97198 0.538 22.65 23.23£0.03 0.99+0.03 0.15£0.03 0.044 -0.04+0.05
sn97201  0.863 23.39 24.58+0.03 1.05+0.01 0.83+0.07 0.042 -0.13+0.12
sn97226 0.778 23.27 24.39+£0.04 1.06+0.04 0.70£0.06 0.026 0.08+0.12
sn9819 0.430 22.34 22.95+0.05 0.92+0.02 0.06%0.04 0.024 -0.02+0.05
sn9855 0.440 22.64 23.29+0.02 1.02+0.02 0.29+0.03 0.026 0.23+£0.04 6
sn9878 0.644 23.31 23.89+0.04 0.76+0.03 0.41+0.06 0.029 0.07+0.08
sn98104 0.638 23.28 23.91+0.08 1.05+0.05 0.25+0.07 0.035 -0.10+0.10
sn98109 0.497 22.59 23.20+£0.05 1.10+0.03 0.12+0.05 0.035 0.00+£0.06
sn98122  0.355 22.20 22.71+0.03 0.94+0.02 0.17+0.03 0.037 0.08+0.05
sn98142  0.740 2295 24.00+£0.03 0.95+0.04 0.53+0.05 0.026 0.00£0.10
C00-008 0.543 22.52 23.14+0.03 1.08+£0.01 0.10£0.03 0.030 -0.08+0.05

1: X=R for z < 0.7, X=I for z > 0.7. (ROB CHECK THIS)

2: This value has been K-corrected and corrected for Milky Way E(B-V) extinction, but not for host galaxy
extinction. Measurement uncertainties include only the uncertainties from the photometry, not including
the zeropoint uncertainty (which is correlated between the supernovae, and put into the cosmological fits
separately).

3: This is just the measurement uncertainty, and does not include any intrinsic color dispersion.
4: Schlegel et al. (1998)

5: This is the observed R-I color at the epoch the rest-frame B-band lightcurve peak. This includes an
intrinsic color dispersion of 0.03 for z < 0.7 (where R-I maps to rest-frame B-V), and 0.08 for z > 0.7 (where

R-I maps to rest-frame U-B).
6: Omitted from Fits 1-3. (Section 3.2, Table 8)
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Table 4: Supernova LightewrveFITST New Fits to Perlmutter (19995

Ala
™

\

S~z nx! mp? Stretch R-IP EB-V)yw E(B—V)jQNotes
sn921 0.458 22.15 22786==6-08-08610.45 — Q.010 —_— 7
sn94102 420 2237 22.48+0.05 1.04+0.15 — 0.136 — 7
sn94191 0W¥74 21.32 21.79£0.03 0.89+0.03 — 0.031 — 6,7
sn94264 0.878 22.13 22.47+0.07 1.02+0.12 — 0.066 — 7
sn94281 0B72 21.81 22.2840.04 0.89+0.04 — 0.031 — 7
sn94361 1354 22.06 22.50+0.14 0.69+0.14 — 0.036 — 7
n94351/0.425 21.68 22.36+0.05 0.87+£0.01 0.18+0.13 0.008 0.11+0.15
S 0.400 21.79 22.2840.03 1.194+0.04 -0.1240.10 0.040 -0.16+0.11
sn9569 0498 23.02 23.68+£0.06 1.04+0.09 0.15+0.20 0.021 0.03+0.22
sn9570 0453 22.60 23.24+0.06 0.87+£0.10 0.02+0.13 0.022 -0.09+0.14
sn9579 0465 22.69 23.37+£0.06 0.88+0.10 0.43+0.22 0.022 0.34+0.24
sn95103 0.450 22.46 22.66+0.07 0.97+£0.07 0.08+0.14 0.181 -0.12+0.15
sn95104 0480 22.64 23.05+£0.04 0.88+0.06 0.21+0.16 0.114 0.02+0.18
sn95110 0.388 22.08 22.64+0.05 0.97+0.05 0.01+0.10 0.018 -0.05+0.11
sn95116 0.655 22.61 23.25+0.03 1.05+0.06 0.34%+0.11 0.019 -0.01+0.14
sn95126 0.615 22.54 23.20+0.06 1.13+£0.07 0.13+0.21 0.033 -0.1940.26
sn962 0.570 2270 23.30+£0.03 1.00+0.05 0.16+0.08 0.040 -0.06+0.10
sn963 0.490 22.46 23.09+0.03 1.01+0.04 0.35£0.06 0.035 0.24+0.08 6
sn969 0.495 22.19 22.82+0.02 0.97+0.04 0.08+0.07 0.028 -0.05+0.08
sn9617  0.656 23.09 23.76+£0.05 0.89+0.08 0.1940.26 0.032 -0.2240.33
sn9621 0.828 23.35 24.51+0.15 0.96+0.23 0.57£0.18 0.035 -0.34+0.26
sn9624  0.450 22.67 23.26£0.07 0.90+£0.06 0.25+0.16 0.049 0.14+0.18
sn9626  0.430 22.58 23.25+£0.03 0.89+0.07 0.38%+0.08 0.025 0.32+0.10 6
sn970 0.172 20.16 20.44+£0.01 0.96+0.01 0.10£0.02 0.051 0.13+0.04
sn971 0.526 22.69 23.24+0.03 0.89+0.06 0.31+£0.17 0.051 0.14+0.20
sn972 0.763 23.48 24.41+0.39 0.82+0.09 0.09+0.44 0.043 -0.71£0.60
sn974 0.580 22.89 23.48+0.06 1.05+0.07 0.25£0.20 0.040 0.02+£0.24
sn975 0.619 23.20 23.83£0.06 1.03£0.11 0.19£0.32 0.039 -0.13+0.40
sn976 0.550 22.89 23.49+0.05 0.9440.06 — 0.025 — 7
sn9710  0.180 20.39 20.59£0.01 1.07+0.02 -0.01+0.03 0.031 0.02+0.05
sn9733  0.374 2299 23.53+£0.08 1.05+£0.09 0.09+0.16 0.029 0.04+£0.17 6,7
sn9738 0472 2252 23.16£0.04 0.884+0.04 0.26%0.14 0.033 0.14+0.16
sn9739 0.612 23.04 23.77£0.04 1.21+0.07 -0.08%+0.24 0.033 -0.43+0.29
sn9742 0.430 22.01 22.61£0.02 0.944+0.02 0.07£0.14 0.030 -0.01£0.15
sn9748 0.592 23.73 24.38+£0.10 1.094+0.15 0.2440.34 0.020 0.01+0.41
sn9760  0.657 23.28 23.88+0.05 0.98+0.06 0.35+0.18 0.030 -0.01+0.24
sn9765  0.320 21.43 21.90+0.01 1.06+0.02 0.08+0.04 0.027 0.02+0.06
sn9779  0.450 2233 22.93+£0.03 0.76+£0.07 0.21+0.08 0.045 0.07+0.10
sn9781 0.579 2291 23.58+0.07 0.86+0.05 0.02+0.23 0.028 -0.25+0.28
sn9784  0.830 23.17 24.35+£0.07 1.00+£0.06 0.924+0.09 0.026 0.184+0.15
sn9785 0.416 2191 22.45+0.05 1.044+0.06 -0.06%0.10 0.036 -0.134+0.11
sn9794  0.581 22.85 23.48+0.04 1.50+0.07 0.14+0.15 0.033 -0.08+0.18
: X=R for z < 0.7, X=I for z > 0.7 (ROB CHECKl']iHIS)

D Gtk 2

As in Table 3
As in Table 3
Schlegel et al. (1998)
As in Table 3
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Saul
Can we see scatter plots and histograms to see how these values have changed since P99?  Again, this is for the collab. to understand, not for the paper -- so we know how we will say that we are standing behind our analyses, both now and before.

Saul
Isn't it one of these SNe that we now think is a Type II?   
Also, for our most recommended-to-the-public final fits, shouldn't we not be continuing to carry around SNe that have any doubts (also maybe not ones with really big error bars??)?


Table 5: Supermova Lightcurve Fits: Low-z SNe from Hamuy (T996)sad Riess (1999)
SN S~z ms! Stretch B-VZ  E(BV)}w EB-V)L_—Rotes

19900  0.030 160002 —teddabelnl.0550.02 Sray 0.00+0.04
1990af 0.051 17.76+£0.01 0.76+0.01 0.07+0.01 0.04 0.00£0.03
1992P  0.025 16.08+£0.01 1.024+0.01 0.00+0.02 0.02 0.02+0.03
1992ae 0.075 18.414+0.04 0.96+0.02 0.09+0.03 0.04 -0.02+0.04
1992ag 0.025 16.14+0.04 1.16+0.03 0.14+0.03 0.10 0.10+0.04
1992al  0.015 14.484+0.01 0.96+0.01 0.03+0.01 0.04 -0.024+0.03
1992aq 0.102 19.29+0.05 0.89+0.03 0.09+0.03 0.01 -0.07£0.05
1992bc  0.020 15.11+£0.01 1.07£0.01 0.10+0.01 0.02 -0.07£0.03
1992bg 0.035 16.67+£0.02 1.01+0.01 0.17+0.02 0.18 0.0140.03
1992bh  0.045 17.58+0.02 1.03+0.02 0.10+0.02 0.02 0.08+0.04
1992bl  0.044 17.344+0.02 0.81+0.01 0.04+0.02 0.01 0.0140.04
1992bo  0.019 15.75+£0.01 0.74+0.01 0.00+0.02 0.03 -0.02+0.03 5
1992bp 0.079 18.25+0.02 0.92+0.02 0.03+0.02 0.07 -0.124+0.04
1992br  0.088 19.31+0.08 0.71+0.02 0.14+0.05 0.03 0.00+£0.06 5
1992bs  0.064 18.22+0.03 1.03+0.01 0.01+0.02 0.01 -0.044+0.04
1993B  0.070 18.35+0.08 0.98+0.04 0.10+0.04 0.08 -0.03+0.06
19930  0.051 17.64+0.01 0.95+0.01 0.05+0.01 0.05 -0.024+0.03
1993ag 0.049 17.80+0.02 0.95+0.01 0.22+0.02 0.11 0.10+0.04
1994M  0.023 16.284+0.02 0.86+0.01 0.07+0.02 0.02 0.0840.04
1994S  0.015 14.774+0.02 1.05+£0.02 0.07+0.02 0.02 -0.04+0.04
1995E  0.012 16.68+0.02 1.03+0.02 0.73+0.02 0.03 0.77£0.04 5
1995ac  0.050 17.04+£0.01 1.114+0.01 0.02+0.01 0.04 -0.03£0.03
1995bd  0.016 15.21+0.01 1.124+0.01 0.73+0.01 0.49 0.30+0.03 5
1996C  0.030 16.56+0.01 1.124+0.01 0.00+0.01 0.01 0.03+0.03
1996ab 0.124 19.48+0.09 1.01+0.06 0.17+0.08 0.03 -0.08+0.10
1996bl  0.036 16.64+0.01 1.03+0.01 0.09+0.01 0.10 0.02+0.03
1996bo  0.017 15.90+£0.01 0.86+0.01 0.50+0.01 0.08 0.46+0.03 5

1: Measurement uncertainties as for note 2 in Table 3.

2: This is the measured B-V color at the epoch of rest-frame B-band lightcurve maximum.

3: Schlegel et al. (1998)

4: Includes an assumed intrinsic B-V color dispersion of 0.03 magnitudes.

5: These SNe were omitted from all cosmology fits (Section 3.2).

12


Saul
Also, we should make sure the collaboration understands how these fit variables have changed from our previous paper(s).


where t' = t/(s(1+ z)), z is the redshift of
the supernova, and s is the stretch of the
supernova from a simultaneous fit to the
B and V lightcurves (matching the pro-
cedure used for most of the high redshift
supernovae). No host galaxy extinction
corrections were applied to the
stead, host galaxy extinction was handled
by fitting the blue side ridge-line of the su-
pernova color curves, so as to extract the
unreddened intrinsic color. This ridge-line

fit was performed by adding an
intrinsic error bar (longer to the red than

to the blue), and by omitting supernovae
ghich were systematlcally red-

vious for supernovae at z > 0.7 where a
U-band template is fit to the R-band data.
However, even for supernovae at z 2 0.55,
the de-redshifted R-band filter begins to
overlap the U-band range of the rest-frame
spectrum. Thus, it is also important to
know the intrinsic U-B color so as to gen-
erate a proper spectral template. We used
data from the literature in Table 6. Here,
there is an insufficient number of super-
nova lightcurves to reasonably use the sort
of ridge-line analysis used above to elimi-
nate the effects of host galaxy extinction
in determining the intrinsic BVRI colors.
Instead, for U-B, we perform extinction
corrections using the E(B-V) values from
Phllhps et al (1999) 50 as to measure an

(For example, 1994D is a
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known as an otherwise normal SN Ia which
is over-luminous in the ultraviolet.) Based
on the table, we assumed a U-B color of -
0.4 at the epoch of rest-B maximum, with a
dispersion of 0.08 magnitudes (used for er-
ror calculations in cosmological fits). Note
that this is 0.2 magnitudes bluer than the
color implicitly assumed by P99; the effect
of this difference will be discussed in Sec-
tion 3.1.

Once a template spectrum with the
proper intrinsic colors has been produced
for each day relative to the date of B max-
imum, it is necessary to further modify
it for each supernova to reflect dust ex-
tinction in the supernova host galaxy, and
extinction of the redshifted spectrum due
to the Milky Way. Reddening effects from
dust were calculated given the E(B-V) pa-
rameter (measured from the lightcurve fits
for the host galaxy, and given by Schlegel
et al. (1998) for the Milky Way) and the
extinction law of O’Donnell (1994).

For each supernova, this finally modified
spectral template was integrated through
the Bessel and WFPC2 filter transmis-
sion functions to provide color and K-
corrections. Note that the exact spectral
template needed for a given data point on
a given supernova is dependent on param-
eters of the fit: the stretch, the time of
each point relative to the epoch of rest-
B maximum, and the host galaxy E(B-
V) (measured from the peak color of the
lightcurve). Thus, color and K-corrections
were performed iteratively with lightcurve
fitting.  An initial date of maximum,
stretch, and host galaxy extinction was
assumed. Those were used to color and
K-correct the data, which was fit to the
template. The parameters resulting from


Saul
Make this:
"...were applied to the data at this stage of the analysis."

Saul
How asymmetric?   We should describe (quantify) this.

Saul
Quantify:
"...reddened more than XX sigma relative to the median value."

Saul
We should probably take this sentence out (or soften it) and instead compare what we have used to the U-B values in Jha's thesis for the same range of stretch (see his Figure 3.10 that I've attached at the end of these comments).  They're pretty close, so I think this will be fine.
Question:  how much work would it be for us to know how are main results would change if we assumed U-B = -0.45 or  -0.5 instead of the -0.4 value we used (since this might be the direction that Jha's data would point.  (Of course this is just the average value over the range of stretch values we have -- someday (not now) we will presumably want to estimate the rough value and uncertainty at the particular stretch value of our SNe.)


Table 6: U-B SN Ia Colors

SN Raw U-B! Corrected U-B? Reference

1980N -0.21 -0.29 Hamuy et al. (1991)
1989B 0.08 -0.33 Wells et al. (1994)
1990N  -0.35 -0.45 Lira et al. (1998)
1994D  -0.50 -0.52 Wau et al. (1995)
1998bu -0.23 -0.51 Suntzeff et al. (1999)

1: This is the measured U-B value from the paper
2: This is U-B K-corrected, and corrected for host galaxy and

Milky Way extinction

that fit were used to generate new color
and K-corrections, and the whole proce-

The E(B-V) values quoted in Tables 3,
4, and 5 are the necessary parameters for
the extinction law of O’Donnell (1994) to
reproduce the observed R-I color at the
epoch of the maximum of the rest-frame B
lightcurve. This reproduction was done by
modifying the spectral template exactly as
described above, given the intrinsic color of
the supernova of the fit stretch, the Milky
Way extinction, and the host galaxy E(B-
V) parameter. The modified spectrum was
integrated through the Bessel R and I band
filters, and E(B-V) was varied until the R~
I value produced matched the result from
the lightcurve fit. (These E(B-V) values
where then used to generate the proper
color and K-corrections for the next iter-
ation of each lightcurve fit.)

3. Results and Discussion

3.1. Colors and Extinction

Because new color and K-corrections
have been applied to the data of P99, it is
important to verify that the cosmological

Qm"e was repeated until the result®
t_converged.
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conclusions of that paper arg not changed
by those differences. Figu hows the
confidence limits on the cosmological pa-
rameters {2 and 2, (see Section 3.2) from
P99 and with the exact same set of super-
novae (the “Case C” subset from that pa-
per), only with new lightcurve fits using
the color and K-correcti and template
lightcu
copffdence intervals are slightly different;
Obviously the effect of these changes are
small, and would not effect any of the con-
clusions of P99. Clearly, the details of the
Kccorrections are not a likely source of sig-
nificamf systematic error in the conclusigs
of P99 and Rsess (1998).

The greatest improvement the data on
the 11 WFPC2-observed supernovae in
this paper shows over the previous high-
redshift supernova data is that the R-I
colors have been measured to much higher
precision than was the case with the ear-
lier data. In P99, extinction was estimated
by comparing the mean host galaxy E(B-
V) values from the low and high redshift
samples. Although the uncertainties on
individual E(B-V) values for high redshift
supernovae were large, the uncertainty on
the mean of the distribution was much



Saul
Can we say here how many iterations was typically necessary to reach convergence?

Saul
See my comments on the Figure 1.  We might need to comment here that the fit is actually better (tighter confidence regions) with the new K corrections -- if that's true.  (Or is it due to re-analyses of SNe, like 97ap?)
[A crazy thought is that we might even want to advertise the improvement in the Abstract if it won't be seen as a weakness.]

Saul
"Figure 3.1"   -->  "Figure 1"


68%, 90%, 95%, 99%
Confidence Limits

1 Fig. 1.— The effect of new
4 color- and K-corrections on the Qy
4 and €, confidence limits from the
- “Case C” fits of P99. The lines
4 are the confidence limits on Qy
4 and €, from that paper. The
. egions are confidence inter-
4 vals which use exactly the same
- ground based supernova lightcurve
{1 data, but with the updated color-
4 and K-corrections of this paper ap-
4 plied, as discussed in Section 2.3,
4 and with the HST photometry of
1997ap re-measured using the pro-

smaller. From this, P99 argued that, omit-
ting two obviously reddened supernovae to
create their “case C” subset, the high red-
shift supernovae did not show significant
host galaxy reddening relative to the low
redshift supernovae. Althoughid
not individually correct supernova distance
moduli directly for host galaxy extinction,

this argument provided confidence that the
cosmological results were not strongly af-

fected by such extinction.< >
Figure 2 shows histograms of the host

galaxy E(B-V) values from different sub-
sets of supernovae. For the lower three
panels, overplotted is a line that shows the
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5 cedure of Section 2.1

distribution of the H96 SNe (upper panel)
given the E(B-V) uncertainties of each set.
In other words, the line shows the distribu-
tion that would have been measured given
the H96 E(B-V) values as a parent distri-
bution, dispersed by the error bars (as-
sumed Gaussian) of each other set. Vi-
sually, each set’s distribution is consistent
with the E(B-V) distribution from H96, ex-
cept for H99 which shows several signifi-
cantly reddened supernovae, and for the 11
HST SNe in this paper, one of which is sig-
nificantly reddened. Table 7 lists the vari-
ance weighted mean E(B-V) values for each
set. The “Fit 3” supernovae are equivalent


Saul
Why are the results now so much better, i.e tighther confidence regions than before?   Do we know which supernovae / which changes have made the main difference?

Saul
"solid regions"  --> "filled confidence regions"

Saul
"they"  -->  "this Fit C analysis"

Saul
Also mention/discuss here the Fit E analysis of P99, which did individually correct for extinction.  (This is important because some people think --or have been told that-- that we did not take extinction seriously enough to do this.)

Saul
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" Hamuy 1996

L L L L

. Low-z 4
FENTEEE S S
- Riess 1999 —
Low-z

Perlmutter 199
— High—z

- This paper .
High—z
L1 1 | ‘ | 1 | b | ‘ L1 1 |
-0.5 0 0.0 1
E(B-V)

Fig. 2.— Histograms of E(B-V) for
the four sets of supernovae used in
this paper. All supernovae with
measured colors (i.e.  excluding
seven from P99) are plotted. The
solid lines drawn over the lower
three panels is a simulation of the
distribution expected if the H96 set
represented the true distribution of
SN colors, given the error bars of
each set.
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Table 7: Mean E(B-V) Values

All SNe Fit 3 SNe!
—0.010 £ 0.009 —0.005 £ 0.009
+0.188 = 0.012 +0.008 £ 0.015
+0.048 £0.019 +0.023 £ 0.020
+0.034 £ 0.018 —0.009 £ 0.020

Set

He
1: SNe omitted from Fits 1-3 (Section 3.2,
Table 8) have been omitted from these
means. This includes outliers, as well as
supernovae with E(B-V)> 30.

to “Case C” from P99. (The cosmological
fits performed are discussed in Section 3.2.)
Th utliers have been omit-
ted as have supernovae which are signifi-
cantly red. The “Fit 3” value for P99 in-
cludes 32 of the 42 SNe presented in that
paper; seven have no color measurement,

two are omitted because they are too red,
and one is omitted as an The vari-
ance weighted mean E(B-V) forghis set is
0.023+0.020, which is only ifferent
from the mean of the H96 set; Teaffirming
the conclusion of P99 that this subset of

SNe did not suffer significant host galaxy
reddening on the average.

For the 11 HST supernovae in_this pa-
per, if 1998ba is omitted, then *nean
E(B-V) of the set is consistent With the
mean E(B-V) of both low regskift sets

(where supernovae with E(B— have
been omitted from the R99 s&/ Even
though strongly reddened supernovae have
been omitted from each set to reach this
is not circular.
The uncertaimnty on individual E(B-V) val-

ues for the HST supernovae reported in
this paper is typically 0.04-0.1 in addi-
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tion to an assumed intrinsic dispersion of
0.03 (for supernovae where R-I maps to
B-V) or 0.08 (for supernovae where R-
I maps to U-B). Thus, only supernovae
which are grossly reddened compared to
the uncertainty on the mean have been
omitted. It would be possible for there to
still be a detectable average color excess
among the remaining supernovae, even af-
ter the most grossly reddened supernovae
have been omitted. Figure 2 and Ta-
ble 7 argue that for the HST supernovae
of this paper, the “Fit 3” subset does not
an excess, and that the
in the P99 supernovae compared to the
-redshift is E(B-V)< 0.02-0.04. (Note
however, 3 T mea-
surements on the high-redshift supernovae
reported in this paper allow us to tndivid-
ually correct for E(B-V) extinction, as dis-
cussed in Section 3.2.)

One of the biggest differences that arises
from intrinsic U-B color which is 0.2 mag-
nitudes bluer than the one assumed in P99
(as discussed in Section 2.2) is apparent in
Figure 2. In P99, a few of the higher red-
shift supernovae had large negative E(B-V)
values (e.g., see Figure 6 in that paper).
Whereas modest (< 1o) negative E(B-V)
values are expected for a distribution of su-
pernovae which show no or only mild host
galaxy extinction, multiple large negative
values are a sign of a systematic problem,
which in this case was a “too red” assump-
tion about the intrinsic U-B color of a Type
Ia supernova. The problem was exacer-

&@ted by the greater effect of extinction on

the U-band, leading to even larger values
of E(B-V) estimated from a bad E(U-B)
determination. This effect was strongest
for the supernovae at z > 0.7, where the


Saul
Insert a subheader "Low Redshift" above these two.

Saul
Insert a subheader "High Redshift" above these two.

Saul


Saul
quantify

Saul
"outlet"  -->  "outlier"

Saul
1.3 sigma  --> 1.1 or 1.2 sigma?
(the number looks wrong)

Saul
typo:  repeated word

Saul
missing LaTeX $?   

Saul
doesn't read well with "conclusion" used twice within three words.

Saul
This seems high?

Saul
I see what this "greater effect of extinction on the U band" means, but I'm wondering if it could be written a little more clearly.


ata was fit to a U-ban
However, even supernovae at z 2 0.5 have
some rest-frame U-band “contamination”
in the observed R-band photometry.

3.2. Cosm ameters Qy

and Qx

Figure 3 shows Hubble Diagrams which
plot both the new lightcurve fits to the
data from P99, H96, and R99, as well as
the new data on 11 SNe presented in this
paper. For supernovae at z > 0.7, the peak
rest-frame B magnitude was estimated
from the peak of the I-band lightcurve.
For supernovae at lower redshifts, it was
estimated from the peak of the R-band
lightcurve. In the lower panel of Figure 3,
the filled points represent the new SNe
from this paper; the improved error bars
resulting from the WEPC2 lightcurves are
Indeed, for many of the
supernovae, the error bars are dominated

the assumed 0.17 magnitude intrinsic
ispersion of~the—poak-B i

elition consistent with that of P99,
and inconsistent with a Friedman model
omitting 2.

Figure 4 shows Hubble Diagrams where
extinction corrections have been applied
to the points. Here, the advantage of
the WFPC2 data is even more apparent,
although the distributions are consistent
with the same cosmological models as is
the case in Figure 3, where no extinction
correction has been applied. In Figure 4,
error bars have been expanded by Rp X
E(B—YV), where the O’Donnell (1994) ex-
tinction law and the spectral template dis-
cussed in Section 2.3 give R = 4.34 for a
Type Ia supernova at z = 0 (the redshift

18

of the supernova relative to the host galaxy
where the extinction occurs). In addition
to the measured error on R-I, an dispersion
of 0.03 magnitudes was assumed on the in-
trinsic B-V color, and a dispersion of 0.08
magnitudes on the intrinsic U-B color. Af-
ter host galaxy extinction corrections have
been applied, the peak B magnitude is as-

sumed to have apg-mxinsic dispersion of
0.12 magnitudes @
Cosmological fitsTo the luminosity dis-

tance modulus equation from the Friedmann-

Robertson-Walker metric followed the pro-
cedure of P99. The Qy/2 plane was di-
vided into a grid, and at each grid point
a chi-square value was calculated by fit-
ting the luminosity distance equation to
the peak B-band magnitudes and red-
shifts of the supernovae. The range of

parameter space explored was Qy = (0-
3), Qx Other than the implicit

rior that Iy > 0, no further constraints
were placed on the parameters; this pa-
rameter space was large enough to more
than encompass 99% confidence intervals
for any fit performed. In addition to 2y
and €25, there were the same two “nui-
sance” parameters used in the fits of P99
which werg ated out in order to pro-
vide final onfidence limits. The
first of thedep eters is M, which con-
tains the combined effect of the Hubble
constant (Hy) and the absolute magnitude
of a SN Ia. (This fitting procedure does
not require independent knowledge of ei-
ther Hy or the absolute SN Ia magnitude,
and produces M as a measurement of the
combined effect of both.) The second was
«, the slope of the magnitude/stretch rela-
tionship. The peak magnitude of a SN Ia is
mildly dependent on the lightcurve decay



Saul
Perhaps this is the place to discuss the more extreme version of this problem seen in the other team's papers.  Several members of there team have been giving talks about the  blue-supernova problem (implying possible evolution problems for SNe Ia) and we have been asked about this as a problem several times when we give talks.
Maybe this should be also included in the Abstract and conclusions for this reason.

Saul
Can we show inner error bars that don't include the 0.17 mag intrinsic dispersion, so that people can see how good our data is?

Saul
"...of a SN Ia"  -->  "...of a SN Ia uncorrected for extinction, but after rejecting red outliers"   --or something like that.

Saul
Phillips et al 1999 gives 0.11 mag.   We probably should also cite whatever we cited in P99.

Saul
hard to read -- perhaps write "-1 to 3"?

Saul
use a dash between these Omega's not a slash.


m
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0.5

time scale, such that SNe with a slower
decay (higher stretch) tend to be over-
luminous, while SNe with a faster decay
(lower stretch) tend to be under-luminous.
This is parametrized by

(3)

After the chi-square is calculated at each
grid point, a probability is calculated ac-
cording to P oc exp(—x?/2); the probabil-
ity of the whole 4-dimensional grid is nor-
malized, and then integrated over the two
axes corresponding to the “nuisance” pa-
rameters.

Mpeor = My + (s — 1).

Supernovae were divided into two sub-
sets, one for fitting without explicit extinc-
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1

)Aupernovae from R99 (filled circles)

Fig. 3.— Hubble Diagram of ef-
fective mp vs. redshift. Plotted
at z < 0.15 are the 16 supernovae
from H96 (open circles) and the 6

sed in the cosmological fits. At

z > 0.15, open circles are the 42
high-redshift supernovae from P99
and filled circles are the 11 super-
novae of this work. K-corrections
and Milky Way extinction correc-
tions have been applied, but host
galaxy extinction corrections have
not been applied. Error bars in-
clude an 0.17 magnitude intrinsic
dispersion. Lines represent lumi-
nosity distance modulus values cal-
culated with the indicated parame-
ters from the FRW metric, using a
value of M=-3.44 (the most proba-
ble value from our fits).

tion corrections, and one for fitting with
explicit extinction corrections. The first
set mimics the “Case C” subset of P99.
That subset omitted six supernovae from
that paper: 1992bo and 1992br, because
they were outliers in the stretch distribu-
tion (s < 0.75); 1994H and 19970, be-
cause they had the largest residuals from
the fit; and 1996¢cg and 1996¢n, because
they showed evidence for substantial host
galaxy extinction (E(B — V) > 30). We
follow P99 and omit these six supernovae
from our non-extinction-corrected fit. In
addition, from the R99 supernovae, we
omit, three supernovae which show a very
large amount of reddening: 1995E, 1995bd,
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and 1996bo. (Note that 1995bd suffers a
substantial quantity of Galactic extinction,
with E(B—V)yw = 0.49.) From the high-
redshift supernovae in this paper, we omit
1998aw due to reddening.

For fits which include explicit reddening
corrections, we allow 1994H, 19970, and
1998aw back into the subset, as extinction
will be explicitly handled. However, the
three extremely reddened SNe from R99
show the three largest residuals from the
fit, even when reddening corrections have
been applied. Thus, they remain omitted
from the reddening corrected subset.

In addition to uncertainties on the peak
B-magnitude from the lightcurve fits, addi-

20

Fig. 4.— Hubble Diagram of effec-
tive mp vs. redshift, similar to Fig-
ure 3. In this plot, host galaxy ex-
tinction corrections have been ap-
plied, adding to the measurement
error an assumed intrinsic color dis-
persion of 0.03 magnitudes in B-V
and 0.08 magnitudes in U-B. The
intrinsic peak magnitude dispersion
used in this plot is 0.12 magnitudes.

tional uncertainties contributed to the de-
termination of each supernova’s contribu-
tion to the chi-se g ho

e e_jncluded the
ficertainty on the stretch, leveraged Dyqun
assumed o = 1.74 (REF) (used for pur
of uncertainty only); a peculia#<e-
locity error on of 300 km s7!,
folded into the magnitude error; and an in-
trinsic supernova dispersion of 0.17 (for fits
without extinction corrections applied) or
0.12 (for fits with extinction correction ap-
plied) (REF). All points were corrected for
Milky Way extinction using E(B-V) val-
ues from Schlegel et al. (1998); this cor-
rection was assumed to be uncertain to
10% of its value. Finally, only for the
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fits which explicitly included host galaxy
extinction corrections, we used the uncer-
tainty on color correction, corresponding
to R = 4.35 times the uncertainty on the
E(B — V) value plus an intrinsic color dis-
persion of 0.03 (for supernovae with B-V
colors) or 0.08 (for supernovae with U-B
colors).

The fits performed are summarized in
Table 8, and plotted in Figures 5 and 6.
Figure 5 shows the confidence intervals on
Qv and Qp for fits which do not explic-
itlyor host galaxy extinction,
but which omit substantially reddened su-
pernovae. The solid confidence ellipses in
the left panel includes the low-redshift su-
pernovae plus ten high-redshift supernovae

from this paper. The right panel adds the
high-redshift supernovae from P99. For

comparison, the confidencge intervals using
all of the low-redshifthe high-
redshift SNe from P99 aresdea®@n in dotted

ngf identical, they are consistent: the over-

ap of the inner, 68% confidence jartexyal
is analogous to the overlap of ar—
ror bar. In particular, the conclusiofis of
P99 are confirmed, that Q, > 0 to > 99%

right panel of Figure bine the data

f botirigh-redshift sefs;, and Tepresess
Qg‘: SCP’s current best limits on QM@
Qp.

Figure 6 shows the fits when extinction
corrections have been applied. Again, the
left panel includes all of the low-redshift
supernovae, but only the 11 high-redshift
supernovae from this paper, while the right
panel adds in 34 high-redshift supernovae
from P99 (omitting the two omitted from
the previous fit because they were the
greatest outliers, and omitting an addi-
tional six SNe for which no R-I color mea-

line moving the six additional super- surement is available). On both panels,
nov m R99 has only a small effect on plotted in dotted lines, are the confidence

the confidence intervals.] INote that the
ten supernovae in the left panel of Figure 5
represent a new, independent set of high-
redshift supernovae, which confirm thea
celerating universe results of 199

1998, P99,). This is the first full set

redshift supernovae which provide compa-
rable confidence limits since the original
announcement of those two groups. Two
features are important. First, the size of
the confidence intervals from the 10 su-
pernovae in this paper are comparable to
the confidence intervals from the 38 high-
redshift supernovae of P99; this is a re-
sult of the greater quality of the lightcurves
measured here with WFPC2 on HST. Sec-
ond, although the confidence intervals are

intervals ysi St the high-redshi <
n used in P99, as in Figure 5. Here,
he improvement in the confidence inter-
vals from the new high redshift data is dra-
matic, a direct result of the much better

ividual R-I color measurements avail-
WFPC2 lightcurves.

The Hubble Diagrams of Figures 3
demonstrate that the data show high-
redshift supernovae which are dimmer at
a given redshift than would have been ex-
pected in a flat, {2y = 1 universe, leading
to the conclusion that Q4 > 1. If the su-
pernovae at higher redshifts were subject,
on the average, to more host galaxy dust
extinction than the supernovae at low red-
shifts, this could simulate the effect: the
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Table 8: Cosmological fits performed

Fit Ext. Sets Number of Min. Qy fo Notes

# Corr? Included Supernovae! 2 Fla

1 No  H96 60 79 0.25(57] High-z SNe from
R99 P99
P99

2 No H9% 32 42 0.20759%  Only new high-z
R99 SNe
This paper

3 No  H96 70 92 All high-z SNe
R99
P99
This paper

4 Yes H96 56 49 0.307077 Fit 1 w/ extinction
R99 correction.
P99

5 Yes HO96 33 25  0.12%57% Fit 2 w/ extinction
R99 correction.
This paper

6  Yes H96 67 63  0.197031 Fit 3 w/ extinction
R99 correction.
P99
This paper

1: All fits omitted two low-z supernovae with anomalously low stretches, and
three low-z plus two high-z supernovae which were the greatest outliers. Fits 1-3
omitted supernovae with EBS—vaties—>—3e—Is=d-buamitted supernovae with
surement.
his is the intersection of the fit probability distribution with the the line tha
es O+ O = 1.

as
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Fig. 5.— Joint confidence intervals on €2y and €25 using the data from this paper. Filled
contours indicate the 68confidence intervals from each fit. For comparison, the new fits to
just the data from P99 are plotted in dashed lines on each panel. Host galaxy extinction
corrections have not been explicitly applied to the data that went into these fits. Left: The
22 low-z supernovae plus the 10 HST-observed supernovae of this paper (excluding 1998aw).
Right: The 22 low-z supernovae, plus the 10 HST-observed supernovae of this paper, plus 38
high-z supernovae from P99.
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m T T T T { T T T T T T T T T T T T { T T T T { T T T T
" Low—z+ 10 HST S " Low—z + 10 HST SNe + 38 from P99

Fig. 6.— Joint confidence intervals on €2y and €25 using the data from this paper. Filled
contours indicate the 68confidence intervals from each fit. For comparison, the new fits to
just the data from P99 are plotted in dashed lines on each panel. For all of these fits, host
galaxy extinction corrections based on measured E(B-V) values have been applied. Left: The
22 low-z supernovae plus the 11 HST-observed supernovae of this paper. Right: The 22 low-z
supernovae, plus the 11 HST-observed supernovae of this paper, plus 34 high-z supernovae
from P99.
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higher redshifts supernovae would be sys-
tematically dimmer. However, because
dust extinction effects bluer light more

than redder light, its effects wo oW
up in the colors of the supernovig. Criti-
cisms of the 1998 conclusions that (I3

have included the worry that host galaxy
extinction could have been more significant
than was argued in those papers. As dis-
cussed in Section 3, there is evidence even
for the P99 supernovae that the high red-
shift set is not, on average, more reddened
than the low redshift set. That evidence
is stronger for 10 of the 11 high redshift
supernovae in this set, where more precise
R-I measurements allow individual host
galaxy extinction corrections for each su-
pernova. Moreover, Figure 7, which shows
our two primary confidence regions (fits
3 and 6 from Table 8, including all super-
novae with and without host galaxy extinc-
tion corrections), shows that the dominant
effect of applying host galaxy extinction
corrections is not to move the confidence
intervals closer to a flat, {2y = 1 universe,
but rather to move the confidence ellipses
toward lower mass, primarily along the
major axis of the ellipse— although the
difference is not very significant, as the
most probable value for the fit without ex-

corrections is within the 90% (or
2 — o) copfidence ellipse of the fit that
3 extinction corrections.

The fits with extinction corrections ap-
plied confirm and strengthen the conclu-
sions of P99: the high-redshift supernova
data are inconsistent with a flat, Qy = 1
universe, and require Q4 > 0 to > 99%
confidence. Under the assumption of flat-

ness, the combined data favor a universe
with (2, Q24) = (0.2,0.8), although they

agree with the (€, Q4) = (0.3,0.7) uni-
verse of P99 to the 1 — o level.

>4.

In the last few years, a “consensus cos-
mology” has arisen combining three mea-
surements (Bahcall et al. 1999): Type Ia
supernova, the Cosmic Microwave Back-
ground (CMB), and the number density
of clusters. This consensus cosmology is
a flat, low mass universe with (2, Q24) ~

Comparisons with Other Cosmo-
logical Measurements

(0.3,0.7). Measurements of the angular

power spectr

indicates that the mass density of the uni-
verse is low, Qy < 0.3 (Bahcall et al.
2003). Together, these results are consis-
tent with the requirement from the data
reported in this paper that 2y > 0, even
for a low density universe.

AS 1s clear Irom Figure 7, our results
are more sensitive to a combination close
to v — Qp than to either variable inde-
pendently. This nicely complements the
CMB measurements, which are more sen-
sitive to {2y + 4, and the cluster mea-
surements, which are sensitive primarily to
Qv (although that is convolved with sen-
sitivity to og). The sensitivity of these
three methods to different linear combi-
nations of the parameters is what Bah-
call et al. (1999) term the “Cosmic Tri-
angle”. Because there are only two pa-
rameters, whereas there are three measure-
ments, even though the methods comple-
ment each other, there is enough informa-
tion that it is significant that the confi-
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—
i @996) + Riess (1999) + Perimutter (199) + This Papé>
—

Dashed: Fit 6

o - : —

68%, 90%, 95%, 99%
confidence limits

Fig. 7.— Primary confidence intervals on {2y and 2, result-
ing from this paper. Both sets of contours include all low-z
data used in this paper, plus all of the current SCP high-
redshift supernovae data, including supernovae from P99
and the WFPC2 supernovae observed in this paper. The
filled confidence regions are from Fit 3, which omit super-
novae likely to be reddened (E(B-V)> 30). The dashed lines
are confidence regions where E(B-V) host galaxy extinction
corrections have been directly applied.
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dence regions from the three methods over-
lap. This is a powerful confirmation that
we have indeed made meaningful measure-
ments about Cosmology. Any hypothetical
systematic which made the supernova re-
sults consistent with (2y, 24) = (1,0), for
example, would then make those results in-
consistent with the intersection of the clus-
ter and the CMB results. The convergence
of the three completely independent cos-
mological measurements provides convinc-
ing evidence that a substantial fraction of
the energy density of the universe must not
be normal matter, i.e. a cosmological con-
stant or dark energy.

The latest SDSS results suggest that
if the amplitude of the mass fluctuations
on an 8 h™! Mpc scale, og, has a value
og = 1, then the mass density of the uni-
verse is  ~ 0.2 (Bahcall et al. 2003).
This is lower than the )y = 0.3 which is
frequently assumed ; 2y = 0.28 was the
maximum likelihood value for a flat uni-
verse from P99. The supernovae in this
paper also prefer a lower mass density of
(Table 8), although Qy = 0.3 is still con-
sistent to the ~ 1o level. In particular, the
fit which includes only the high-redshift su-
pernovae from this paper (Fit 2) has a pre-
ferred value Q) = 0.20700%. With host
galaxy E(B-V) corrections applied, that
number drops to Oy = 0.121%19—0.08. Fit
6, which includes both these high redshift
supernovae and those from P99, and also
applies host galaxy E(B-V) corrections,

has a flat-universe value of {4y = 0.19%):57.

Putting these new supernova results and
the SDSS cluster results together with the
evidence for a flat universe from the CMB,
a better “consensus cosmology” might be
(1, Q1) = (0.2,0.8).

4.1. Dark Energy Equation of State

The fits of the previous section used
a traditional Robertson-Walker cosmology
where (2 was the energy density of cold

matter (i.e. pressure p = 0), and Qy
was the energy density in a cosmological
constant (i.e. pressure p = —p, where p

is the energy density). In Einstein’s field
equations, the gravitational effect enters in
terms of p + 3p. If w = p/p is the equa-
tion of state parameter, then for matter,
w = 0 and for vacuum energy (i.e. a cos-
mological constant), w = —1. In fact, it
is possible to achieve an accelerating uni-
verse so long as there is a component with
w < —1/3. The Hubble diagram for high-

redshift sypermosqe provide limits on the
value of 0 (P99). Fiyure 8 shows the limits
on w frod\the dag#l in this paper. These

plots show the joint confidence limits on
(v and w, under the assu i
vated by the CMB results
verse is flat, i.e. Qy+Q, =
the energy density in the component with
equation of state w, in units of the critical
density, analogous to §2,).

The lower panel on each plot_applies
= 0. 19+0 .08

0.07

have on w.
alax
Jith this mass prior w is lim-

U
plied, that 1o limit becomes more

stringent, w < —0.8. However, w is not
well bounded from below, and the current
data is consistent with values as low as
w = —1.9 (for Figure 8f, with host galaxy
E(B-V) corrections applied). All of the
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Fig. 8.— Joint confidence limits on {2y and w assuming Qy + €2, = 1. Confidence limits
plotted are 68%, 90%, 95%, and 99%. Left panels (a-c): in dashed lines is Fit 1, including
only the high-z supernovae from P99, for comparison. No host galaxy E(B-V) corrections
have been applied, except to omit significantly reddened supernovae. Solid confidence regions
are Fit 2 (only new high-redshift SNe) in (a) and Fit 3 (all high-redshift SNe) in (b) and (c).
Panel (c) includes a mass prior Qy = 0.19%0%%. Right panels (d-f): in dashed lines is Fit 4
(only P99 high-z SNe). Host galaxy E(B-V) corrections have been explicitly applied here.
Panel (d) is Fit 5 (only new high-z SNe), and panel (e) is Fit 6 (all SNe). Panel (f) is (e)
with the same mass prior applied.
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results are entirely consistent with a low
mass (2 = 0.2) flat universe dominated
by vacuum energy (w = —1).

5. Summary and Conclusions

1. We have presented a new, inde-
pendent set of 11 high-redshift su-
pernovae (z = 0.36-0.86). These
supernovae have very high-quality
photometry measured with WFPC-
2 on the HST. The higher quality
lightcurve measurements have small
enough errors on each E(B-V) mea-
surement to allow direct individual
correction of E(B-V) host galaxy red-
dening.

2. We have performed improved color
and K-corrections, necessary to com-
bine WFPC-2 photometric filters
with ground-based photometric fil-
ters. A reanalysis of the P99 super-
nova lightcurve data with these new
corrections shows that the cosmologi-
cal results of P99 are not significantly
changed.

3. The cosmological fits to {2y and 2y
are consistent with the SCP’s previ-
ous results (P99), providing evidence
for a cosmological constant to very
high confidence. This is a signifi-
cant confirmation of the results of
P99 and Riess (1998), and is the first
new complete set of high-redshift su-
pernovae to yield those same results.

4. Under the assumption of a flat uni-
verse, all the SNe together yield
Qm = 0.247907 (where host galaxy
extinction is handled by omitting
severely reddened supernovae) or

29

On = 0.191057 (where E(B-V) cor-
rections are applied individually to
each SN). Our best joint limits on
Qy and €2y, including all the high-
redshift supernovae, are shown in
Figure 7.

5. The data provide a 1 — ¢ upper limit
on w, the equation of state of the

e (moti-

B—and using the
SDSS cluster result of 2y = 0.197003
(Bahcall et al. 2003).
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